This paper describes the effect of confinement steel on flexural response of RC beams subjected to monotonic loading. Four different confinement patterns such as vertical stirrup, inclined stirrup, rectangular spiral and lacing are considered. Reinforced concrete beam of 1.5 m span, 120 mm width, 250 mm depth with M30 grade concrete and 0.52% percentage of steel have been adopted for all the specimens. Concrete and steel are modelled using Concrete Damage Plasticity and Plastic, available material models in ABAQUS. Finite Element Analysis (FEA) with non-linear material model i.e., concrete damage plasticity was conducted in C1 (i.e., straight stirrup) RC beam that was tested experimentally to validate the computer modelling. Experimental and numerical results shows the good agreement especially in terms of displacement mechanism. The performance is quantified in terms of Load-Deflection, Moment-Curvature and Ductility. From the results it has been concluded that inclined stirrups and lacing shows high ductility compared to that of rectangular spiral and vertical stirrup. REVISED
Introduction
Earthquakes and accidental explosions have demonstrated that many structures have under gone catastrophic failure. Damage can be minimized if the structure sustains larger deformations. To withstand the large deformations the structure must have enough strength and ductility. The deformability of RC flexural members mainly depends upon various parameters such as percentage of tension reinforcement, compression reinforcement, transverse reinforcement and strength of concrete. With the advent of innovative material technologies, it's possible to achieve higher grades of concrete which ensures the strength criteria. Improved ductility in a concrete member can be achieved either by adopting special detailing (confining) techniques or by improving the tensile and ultimate strain of concrete using fibers. Studies on the effect of confinement pattern in improving the strength and ductility are limited. Kent and Park [1] developed a stress-strain relationship of confined concrete from the unconfined concrete, in which the stress strain relationship till maximum stress is the same as that of unconfined model and the strain at the maximum stress remains unchanged at 0.002. The difference between confined and unconfined concrete is the descending branch after the maximum stress [2, 3] . Studied analytically and experimentally the confinement mechanism in columns. They proposed the concept of the effectively confined concrete area and presented the stress-strain relationship of confined concrete. [4] proposed an empirical model for stress-strain curve of rectilinearly confined high strength concrete. [5] adopted a theoretical approach to study the confinement effect of transverse reinforcement. [6] investigated the use of rectangular spiral as transverse reinforcement. He concluded that using rectangular spiral shear reinforcement improves the shear capacity and ductility in beams. [7] experimental results indicates the use of rectangular spiral reinforcement provided enhanced bearing capacity and improved shear performance and it also improved the ductility performance with the same quantity of conventional used stirrups. [8] experimental results showed that enhanced torsional capacity and improved post peak performance and observed limited spallation. [9] performed static four point bending test for spirally shaped stirrups. They concluded that shear span to depth ratios should not be small due to performance is lower. Self compact concrete yielded more favourable critical crack evolution compared to conventional vibrated concrete. [10] conducted experiments on laced reinforced concrete T-Beams subjected to monotonic loading. They considered the lacing angle of inclination as 45°and 60°. They concluded that lacing inclined at an angle of 60°with respect to main reinforcement has more stiffness, strength capacity than that of 45 ο inclination. [11] studied the effect of inclined shear reinforcement in a RC beam. They concluded that inclined shear reinforcement work efficiently in resisting the shear capacity compared to vertical links.
From the review of literature, stirrups which are mainly provided to improve the shear capacity also influence the flexural performance by confining the concrete core. The current study aims at understanding the flexural performance of RC member in terms of ductility by varying the confining pattern which is mainly provided to increase the shear capacity.
Reinforcement detailing
Reinforced Concrete beam has been designed as singly reinforced concrete beam for a moment carrying capacity of 40 kN-m, according to [12] . M30 concrete and Fe 415 steel are used. Two hanger bars of 10 mm diameter are provided at the top and the same reinforcement is provided at the bottom. Clear cover of 20 mm is adopted. Schematic Sketch of the beam with vertical stirrups and cross section is as shown in figures 1(a) and (b).
Experimental program
RC Beam was casted with a 28 days targeted cube compressive strength of 30MPa and tensile strength of 3.83MPa. Beam size of specimen 1500 * 250 * 120 mm with a effective span of 1400 mm is used for validation study. Static four point flexural test (Figure 2a ) has been conducted on straight stirrup concrete beam (C1) for validating the experimental results with numerical data. RC specimen was placed on the steel roller supports at a distance of 100 mm from edges and two more rollers are placed on the beam to apply the load at the one-third distance from the supports. Load has been applied manually with the help of hydraulic pump ( Figure 2b ) and recorded the deflection readings with the help of Linear variable differential transformers ( LVDTs) at every one tonne load. LVDTs has been placed in three locations i.e. centre and one -third distances from supports. Mesh size of 30mm has been sketched manually on the beam to locate the progressive cracks. Initial and final cracks are marked in red colour. Due to safety issues experiment was stopped at 9.5T not tested till ultimate failure.
Researchers have studied the effect of confinement i.e., providing the transverse reinforcement improves the ductility of concrete and inclined stirrups, spirals are proved to perform better than vertical stirrups. Laced reinforcement which is popular in blast resistance design is adopted in this study. The RC beam with 10 mm diameter bars as flexural reinforcement at bottom and hanger bars at top are maintained constant for all the specimens. 8 mm diameter bars are provided for confining the main bars in all the specimens. For the inclined stirrups an angle of 45°is adopted. Rectangular spiral stirrup with an inclination angle of 80 ο is recommended as it improves the shear capacity and ductility in beams. Lacing with an angle of inclination of 60 ο is adopted. The details of the specimens with the confinement patterns are as shown in table 1.
Finite element modelling
For the numerical simulation ABAQUS 6.14 [13] software is used. Eight-noded brick (C3D8) element has been used to model the concrete and 2-node linear 3D truss element (T3D2) has been used to model the reinforcing steel. To achieve the reinforced concrete behaviour steel reinforcement is embedded into 3D concrete. The reliability of the simulated results mainly depends on the selection of appropriate constitutive material models. The concrete damage plasticity model of ABAQUS 6.14 [13] is proved to simulate the concrete behavior [14] and hence adopted in the present study. This model is developed to predict monotonic, cyclic, dynamic behavior and has potential to capture the complete inelastic response of concrete both in tension and compression Table 2 shows the material properties of concrete and steel used for modelling. M30 concrete and Fe 415 Steel is used. The modulus of elasticity of concrete has been calculated according to [12] . The CDP model parameters for concrete are as shown in table 3 [14] .
Material models

Boundary and loading conditions
Two point loading has been applied at one-third of distance from the simply supported ends to study the flexural performance as shown in figure 3 . Maximum load that the specimen can withstand is calculated as 160kN.This maximum load is achieved in 20 equal steps monotonically. At every 8 kN load increment results were noted.
Validation
An experimental validation using well known concrete model namely concrete damage plasticity is performed in ABAQUS 6.14. The model performed well and verified in terms of deflection. Validation has been conducted for straight stirrup reinforced concrete beam C1. Maximum deflection achieved for C1 is 8.49mm at 9.5 tonne experimentally whereas 10.42mm at 9.6 tonne achieved numerically. Both experimental and numerical results performs well with better agreement.
Results and discussions
Flexural performance of reinforced concrete beam with confinement C1, C2, C3, C4 is compared using load deflection, moment curvature and attainment of yield strain in steel. Deflection at the center of beam is considered for plotting load deflection curve. Curvature is calculated as the ratio of difference in strain (strain in compression concrete and strain tensile steel) to the effective depth. Yield strain in steel is calculated as per [12] .
Load deflection response
All the beams are subjected to a maximum load of 160 kN in 20 equal steps with an increment of 8 kN. Load and maximum deflection at every step has been plotted in figure 4 for the beams C1, C2, C3 and C4. From the structural mechanics principle the maximum calculated deflection at8 kN is 0.22 mm whereas the observed deflection for the beam C1 and C3 is 0.29 mm. From the graph it can be observed that at a load of 160 kN beams C1 and C3 deflected by 36.85 mm and 38 mm respectively whereas beams C2 and C4 had a maximum deflection of 150 mm. From these it has been observed that the beams with inclined stirrups and lacing can deflect more compared to beams with vertical stirrups and spiral.
Moment curvature
Moment Curvature relationship is an important parameter to define the ductility of a flexural member after yield. At every load step corresponding moment and curvature at the midsection are calculated. Curvature is calculated as F = e e + d c s t where, ε c is the strain in concrete at the extreme compression fiber, ε st is the strain in the tensile steel and d is the effective depth. The variation of moment curvature for beams C1, C2, C3 and C4 is as shown in figure 5 . From the plot it can be observed that beam C4 i.e., beam confined with lacing has high curvature compared to C1, C2 and C3, which indicates that the rotation capacity of the beam with lacing is higher, even though the maximum deflection observed in C2 and C4 is same. Figures 6-9 indicates the initial crack pattern in beams C1 to C4.Since the tensile damage parameter at each integration point is a function of the cracking strain and its value increases with increase in cracking strain, these figures present the cracking pattern of specimens. For the specimen C4 the initial cracks have been observed at 17.6 kN whereas for the specimens C1,C2 and C3 initial cracks were observed at load less than 10 kN. Table 4 shows the cracking moment calculated from the observed cracking loads for all the specimens.
Crack pattern
Ductility
Ductility of a member can be expressed in terms of displacement, rotation, curvature. Displacement ductility factor can be expressed as a ratio of maximum displacement to the yield displacement. Similarly curvature ductility factor is the ratio of maximum or ultimate curvature to the yield curvature. Typically the displacement ductility factor varies between 3 and 6. Since it is difficult to obtain a well defined yield point from the load deflection curve of reinforced concrete beam different methods are in existence to calculate the yield deflection [15] . In the current study the yield deflection of equivalent elasto-plastic system with the same elastic stiffness and ultimate load as the real system is considered. The nomenclature followed for yield and ultimate load deflection is as shown in figure 10 . The calculated yield and ultimate deflection for C1 to C4 specimens from figure 4 are as shown in table 5. From the table it can be observed that C1 and C3 have limited ductility with C2 highest ductility factor of 8.82 followed by C4. Ductility of C3 can be improved by varying the angle and reducing the spacing. Further increase in ductility of C4 is possible by adopting double lacing.
Strain in steel
Yield strain in steel is calculated according to [12] as 0.87 * f y /E s +0.002 where f y yield strength of steel, 415 and E s Modulus of elasticity of steel 2 * 10 5 N mm −2 . The load at which the tensile steel reaches the yield strain is as shown in table 6.
Beam C3 yields at higher load of 112 kN whereas beam C4 and C2 yields at load of 64 kN and 80 kN respectively. By comparing the ductility factor and yield load it can be concluded that well confined concrete increases the ductility of RC beam (i.e., post yield response).
Conclusions
The current study aims at evaluating the flexural performance of RC beam with vertical, rectangular spiral, inclined stirrups and lacing. From the simulations it can be concluded that, the beam with lacing (C4) and inclined stirrup (C2) showed better performance. The load at initial crack in C4 is 17.6 kN i.e., till that the beam continues to be elastic with few micro cracks. The ultimate deflection of beam C2, C4 is 150 mm with a ductility factor of 8.82, 8.33, which is almost double that of vertical stirrup. Performance of rectangular spiral may be improved by varying the angle and spacing. Beam C4 and C2 stirrups with an inclination to the main reinforcement bars has ductile flexural performance.
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